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Description 

METHOD FOR FORMING ROBUST SOLDER 
INTERCONNECT STRUCTURES BY 
REDUCING EFFECTS OF SEED LAYER 

UNDERETCHING 

Background of Invention 

[0001] The present invention relates generally to semiconductor 
device processing and, more particularly, to a method for 
forming robust solder interconnect structures by reducing 
effects of seed layer underetching with respect to a barrier 
layer. 

[0002] | n the manufacture of semiconductor devices, C4 

(Controlled-Collapse Chip Connection) is a means of con- 
necting integrated circuit chips to substrates in electronic 
packages. In particular, C4 is a flip-chip technology in 
which the interconnections are small solder balls (or 
bumps) formed on the chip surface. The top layers of an 
integrated circuit chip include various wiring levels, sepa- 



rated by insulating layers of dielectric material, that pro- 
vide input/output for the device. In C4 structures, the chip 
wiring is terminated by a plurality of metal films that form 
the ball-limiting metallurgy (BLM). The BLM defines the 
size of the solder bump after reflow, and provides a sur- 
face that is wettable by the solder and that reacts with the 
solder material to provide good adhesion and acceptable 
reliability under mechanical and thermal stress. In addi- 
tion, the BLM also serves as a diffusion barrier between 
the integrated circuit device and the metals in the inter- 
connection. 

[0003] As is known in the art, the BLM includes a continuous 
stack of metal films across formed over the wafer to be 
bumped. This stack of films, also known as a "seed layer" 
performs a dual function. First, the seed layer provides a 
conductive path for current flow during subsequent elec- 
trolytic deposition of the solder bumps. Second, portion 
of the original seed layer remains under the solder bumps 
and forms the basis for the BLM of the C4s. Accordingly, 
the seed layer must include at least one layer that is con- 
ductive enough to permit uniform electrodeposition 
across the entire expanse of the wafer. Moreover, the bot- 
tom layer must adhere well to the underlying semicon- 



ductor device passivation, while the top layer must inter- 
act sufficiently with the solder to form a reliable bond. 

[0004] while different seed layer metallurgies are available in C4 
fabrication, one common combination includes a sput- 
tered titanium-tungsten (TiW) adhesion layer, followed by 
phased or codeposited chromium-copper (CrCu) and cop- 
per (Cu) layers. Once the seed layer is formed over the 
via-patterned passivation layer, another photolithographic 
patterning process is implemented for forming the solder 
material within the mask holes in which the C4 bumps are 
to be defined. In order to reduce the effects of dissolution 
of copper within the solder material after an extended 
number of reflow operations, a thin nickel/copper (Ni/Cu) 
layer is also commonly used in the BLM as a barrier there- 
between. The Ni/Cu barrier layer is electroplated onto the 
portions of the seed layer left exposed following the C4 
patterning step. 

[0005] After the nickel/copper and solder bump materials are 

plated, the developed resist is removed and the remaining 
seed layer is removed by etching. More specifically, the Cu 
and CrCu layers are removed by electroetching, while the 
TiW layer is removed by a wet chemical etch process. Un- 
fortunately, during the electroetching process, there is an 



undercut of the Cu and CrCu portions of the seed layer 

with respect to the Ni/Cu barrier layer. This results in an 

incomplete BLM in terms of the layers (TiW/CrCu/Cu/Ni) 

defined under the solder bump. In certain instances, 

about 30 to 40% of the outer edge of C4 base is left with 

an inadequate BLM stack. These defects are problematic in 

terms of the integrity of C4 joint reliability. 

[0006] Accordingly, it would be desirable to implement a process 

of forming a BLM for C4 solder bump interconnects in a 

manner that does not result in a substantial underetch of 

the seed layer with respect to the barrier layer so as to 

adversely impact C4 structural integrity. 
Summary of Invention 

[0007] The foregoing discussed drawbacks and deficiencies of 
the prior art are overcome or alleviated by a method for 
an interconnect structure for a semiconductor device. In 
an exemplary embodiment, the method includes defining 
a via in a passivation layer so as expose a top metal layer 
in the semiconductor device. A seed layer is formed over 
the passivation layer, sidewalls of the via, and the top 
metal layer. A barrier layer is formed over an exposed 
portion of the seed layer, the exposed portion defined by 
a first patterned opening of a first diameter, and a solder 



material is formed over the barrier layer using a second 
patterned opening of a second diameter. The second pat- 
terned opening is configured such that the second diame- 
ter is larger than the first diameter. 
[0008] | n another embodiment, a method for forming an inter- 
connect structure for a semiconductor device includes 
defining a via in a passivation layer so as expose a top 
metal layer in the semiconductor device. A seed layer is 
formed over the passivation layer, sidewalls of the via, and 
the top metal layer. A barrier layer is formed over an ex- 
posed portion of the seed layer, the exposed portion de- 
fined by a first patterned opening. The semiconductor de- 
vice is annealed so as to cause atoms from the barrier 
layer to diffuse into the seed layer thereunderneath, 
wherein the annealing causes diffused regions of the seed 
layer to have an altered electrical resistivity and electrode 
potential with respect to undiffused regions of the seed 
layer. 

[0009] | n s ti|| another embodiment, a method for introducing a 
self etch stop mechanism within a metallic thin film in- 
cludes forming an overlayer upon the thin film, and an- 
nealing the thin film so as to cause atoms from the over- 
layer to diffuse into the thin film thereunderneath. The 



annealing causes diffused regions of the thin film to have 

an altered electrical resistivity and electrode potential with 

respect to undiffused regions of the thin film. 
Brief Description of Drawings 

[0010] Referring to the exemplary drawings wherein like ele- 
ments are numbered alike in the several Figures: 

[0011] Figures 1(a) through 1(d) illustrate cross-sectional views 
of an existing process for forming BLM structures for C4 
solder interconnects; 

[0012] Figures 2-5 are SEM cross sections of an exemplary C4 

bump and BLM structure formed in the depicted in Figures 
1(a) through 1(d); 

[0013] Figures 6(a) through 6(e) illustrate cross-sectional views 
of a method for forming robust solder interconnect struc- 
tures by reducing effects of seed layer underetching with 
respect to a barrier layer, in accordance with an embodi- 
ment of the invention; 

[0014] Figure 7(a) through 7(c) are SEM cross sections of a fin- 
ished, reflowed C4 configured in accordance with the 
method illustrated in Figures 6(a) through 6(d); and 

[0015] Figures 8(a) through 8(f) and Figures 9(a) through 9(c) il- 
lustrate another series of cross sectional views of an ex- 
emplary interconnect formation process using an anneal- 



ing step, in accordance with a further embodiment of the 

invention. 
Detailed Description 



[0016] Disclosed herein is a method for forming robust solder 
interconnect structures by reducing effects of seed layer 
underetching with respect to a barrier layer. In one em- 
bodiment, an additional photolithography patterning step 
is used to separately define the areas in which the solder 
bump material is deposited, with respect to the patterning 
step used to define the areas for plating the barrier layer. 
The second patterning preferably results in a C4 pattern 
that is wider than the barrier layer pattern. In this manner, 
the subsequent etch of the seed layer results in an under- 
cutting of the wider solder portions, and not the barrier 
layer itself. The wettability of the copper seed surface rel- 
ative to the solder material results in a retraction of the 
solder to a truncated spherical shape upon reflow, with a 
complete BLM stack thereunderneath. 

[0017] | n another embodiment, the electrical resistivity and elec- 
trode potential of the Cu portion of the seed layer is al- 
tered by an annealing step wherein the Ni atoms from the 
barrier layer are diffused into the copper. This in turn 
modifies the electroetch characteristics of the seed layer, 



effectively introducing an etch stop into the seed layer. As 
is discussed hereinafter, the annealing embodiment may 
be implemented in conjunction with a pair of photoresist 
exposure steps using existing photoresist materials, or 
may be implemented in a single lithography exposure 
step using photoresist material(s) that can withstand an 
annealing step. In addition, the diffusion annealing ap- 
proach may also be used in combination with the sepa- 
rate, "wider"C4 patterning approach. 
[0018] Referring initially to Figures 1(a) through 1(d), there is 
shown a series of cross-sectional views of an existing 
process for forming BLM structures 100 for C4 solder in- 
terconnects. In Figure 1(a), The structure 100 features a 
metal bond pad 102 (e.g., copper, aluminum) formed at 
an uppermost metallization level of a semiconductor sub- 
strate 104, and which serves to provide an external con- 
nection to the active devices (not shown) formed in the 
substrate 104 through various levels of interconnect 
structures therebetween. A final passivation layer 106 in- 
cludes alternating layers of dielectric material (e.g., Si0 2 
or low-k material) and pad nitride material (e.g., Si 3 N 4 ), 
followed by a photosensitive polyimide (PSPI) layer. For 
purposes of illustration, the multilayer passivation layer 



106 is depicted as a single layer in the Figures. 

[0019] | n order to provide access for a suitable external connec- 
tion, a via or opening 108 is formed through the passiva- 
tion layer 106 to the top surface of the metal pad 102. As 
discussed previously, a seed layer 110 (including layers of 
TiW/CrCu/Cu) is deposited (e.g., by sputtering) over the 
entire structure, including the sidewalls of the via 108 and 
the top of the metal pad 102. As shown in Figure 1(b), a 
patterned and developed layer of photoresist material 112 
is used to define the locations in which the C4 connec- 
tions are to be formed. In Figure 1(c), both a barrier layer 
(e.g., nickel, nickel/copper) 114 and the solder material 
116 are deposited using the same pattern of photoresist 
material 112. The solder material 116 may be, for exam- 
ple, a Pb rich Pb-Sn solder, a Pb-Sn eutectic, or a Pb-free 
(e.g., Sn rich) solder. 

[0020] Next, the photoresist 112 is removed and the seed layer 
110 is etched back, with the CrCu/Cu portions of the seed 
layer 110 being removed by electroetching and the TiW 
portion being removed by wet chemical etching. As a re- 
sult of the electroetching, there is an undercut of the 
CrCu/Cu portions of the seed layer 110 with respect to 
the barrier layer 114. Therefore, the overall size of the re- 



suiting BLM is smaller than the base of the solder mate- 
rial, as shown in Figure 1(d). 

[0021] Figures 2-5 are SEM photographs of a C4 bump and BLM 
structure, formed in the conventional manner described 
above, with an undercutting of the seed layer 110. Figure 
2 shows the C4 structure as a whole, while Figures 3, 4 
and 5 respectively illustrate the middle, left and right por- 
tions of the C4 and BLM in greater detail. 

[0022] Referring now to Figures 6(a) through 6(e) there is shown, 
in accordance with an embodiment of the invention, a 
method for forming robust solder interconnect structures 
by reducing effects of seed layer underetching with re- 
spect to a barrier layer. In particular, Figure 6(a) illustrates 
a point in the device processing just prior to the solder 
material deposition as was depicted in Figure 1(c). That is, 
Figure 6(a) shows a first photoresist patterning step used 
to form a barrier layer 114 over the blanket seed layer 
110 so as to ultimately define the dimensions of the BLM 
and C4 solder ball structures. However, in contrast to the 
conventional processes, the photoresist layer 112 is 
stripped prior to the deposition of the solder material. 

[0023] Then, as shown in Figure 6(b), a second photoresist pat- 
terning step is used to define a separate C4 pattern, 



wherein the opening defined by a second patterned resist 
layer 118 is larger than that used to define the barrier 
layer pattern (i.e., the BLM pattern). Accordingly, when the 
solder material 116 is then deposited into the pattern cre- 
ated in photoresist layer 118, the solder material 116 ex- 
tends over the outer edges of the barrier layer 116 and 
directly onto a portion of the seed layer 110, as shown in 
Figure 6(c). In an exemplary embodiment, the opening 
defined by the second patterned resist layer 118 may be 
about 20 to about 25 microns larger than the opening de- 
fined by the first patterned resist layer 112. 
[0024] | n Figure 6(d), the second resist layer 118 is removed and 
the exposed portions of the seed layer 110 are etched to 
complete the BLM formation. However, in this instance, 
the underetching of the seed layer 110 is with respect to 
the wider edges of the solder material 116, instead of the 
barrier layer 114. Accordingly, during a reflow process, 
the solder material 116 retracts in a self-defined manner 
to the copper layer of the seed layer 116 as a result of the 
wettability property of a copper surface relative to 
(molten) solder material. As shown in Figure 6(e), the re- 
flow process thus insures a truncated, spherical-shaped 
solder ball with a structurally complete BLM TiW/CrCu/Cu 



stack corresponding to the dimensions of the barrier 
layer. Upon reflow, any thin copper atop the nickel/copper 
barrier layer, and part of the nickel is consumed in the in- 
termetallic formation process. 

[0025] | n another embodiment of the present invention, the un- 
deretch process is addressed by implementing an anneal- 
ing approach so as to selectively alter the electrical resis- 
tivity and electrode potential of the Cu layer underneath 
the Ni barrier layer. Since a diffusion anneal (at optimized 
temperature and time conditions) results in Ni and Cu in- 
terdiffusion at the interface thereof, the diffusion of Ni 
into the Cu locally alters its resistivity and electrode po- 
tential. The extent of the Ni diffusion into the Cu (and 
thus the change in resistivity) may be controlled by ad- 
justing the duration at which an annealing temperature is 
applied, in accordance with the laws of diffusion. Once re- 
sistivity and electrode potential of the Cu layer under- 
neath the Ni barrier layer is altered with respect to the 
surrounding blanket Cu layer, the electroetch rate is 
slowed so as to create a self etch stop mechanism. 

[0026] Ni-Cu interdiffusion has been studied for some time. The 
diffusion coefficient of Ni tracer in Cu 



Ni 63 tracer diffusion in Cu data between 698 °C and 1061 °C 
Activation Energy Q = 50.5 Kcal/mol 
Frequency Factor D 0 = 0.78 cm 2 /sec 

[0027] The diffusion in thin films has been shown to be faster 

than that in bulk specimens, and thus the above numbers 
should only be used as general guidelines. However, order 
of magnitude calculations indicate that it is possible to 
achieve substantial diffusion of Ni to a distance of about 
one micron (a typical thickness of the blanket thin film in 
the BLM) at temperatures close to about 350 - 380 °C, at 
times about 30 to 45 minutes. Moreover, the spatial ex- 
tent of the diffusion is limited to a micron or so in the x, y 
and z directions. In particular, the electrical resistivity of 
Cu as a function of atomic %Ni is given in the table below: 

Electrical Resistivity of Cu vs. Ni content (atomic %) at 300 K 

Atomic % of Ni Resistivity (fiQ cm) 

PureCu 1.5-1.7 

Cu+1.12Ni 3.0-3.5 

Cu + 2.16Ni 4.0-4.2 

Cu + 3.32Ni 5.8 

Cu+ 10.00 Ni -15.00 

Cu + 25.00 Ni ~ 32.00 

[0028] As can be seen, there is a dramatic increase in the resis- 
tivity of Cu with Ni content in solid solution. At a Ni con- 
tent of 10 % atomic, the increase is roughly an order of 



magnitude. 

[0029] Therefore, by selecting diffusion conditions such that the 
extent of Ni diffusion is about one micron in each direc- 
tion in each direction, the resistivity of the Cu directly un- 
derneath the Ni barrier layer (and about a micron or two 
around the layer) should be increased by about an order 
of magnitude. This in turn defines a volume of Cu that will 
be electroetched at a much slower rate compared to the 
remaining portions of Cu without any diffused Ni. As will 
be appreciated by those skilled in the art, electroetching is 
a well-known metal etching process for back end of line 
(BEOL) wafer processing. An anodic voltage is applied to 
the wafer surface based on the electrolyte composition 
and the metal to be etched. The metal is preferably etched 
as anodic current flows through the wafer surface. With 
regard to electroetching of a BLM seed layer, the Cu and 
CrCu portions of the seed layers are removed simultane- 
ously, while the Ni and solder metals are unaffected. Since 
diffused nickel into the copper seed layer would increase 
the electrical resistivity and passivity of the under bump 
seed layer, the degree of copper undercut is substantially 
reduced. 

[0030] Referring now to Figures 8(a) through 8(f), there is shown 



another series of cross sectional views illustrating an ex- 
emplary interconnect formation process using an anneal- 
ing step, in accordance with a further embodiment of the 
invention. In Figure 8(a), a first pattern photoresist layer 
112 is used to form the barrier layer 114 over the blanket 
seed layer 110 so as to ultimately define the dimensions 
of the BLM and C4 solder ball structures. In the case 
where the specific resist material used is incompatible 
with a thermal anneal, the first resist layer 112 is stripped 
prior to the diffusion anneal. The diffusion anneal is rep- 
resented by the arrows shown in Figure 8(b). 
[0031] on the other hand, if the first lithography step is imple- 
mented in conjunction with a lithography coating that can 
withstand annealing temperatures (e.g., photoresist poly- 
mers, or non-polymeric material such as silicon oxide 
TEOS, etc.) and can be patterned by any technique (such 
as photo x-ray, laser, lithography and micromachining, 
for example), then the diffusion anneal could alternatively 
be carried out without first removing the developed resist. 
In that case, additional thin film deposition/electroplating 
steps may be carried out without the use of a second 
lithography step, thus leading to cost savings and im- 
proved yield losses from any misalignment in the second 



lithography step. 

[0032] However, in the embodiment where the resist material is 
sensitive, Figure 8(c) illustrates the patterning of the sec- 
ond photoresist layer 118. The second photoresist layer 
may be patterned with the same dimensions as the first 
photoresist layer 112 (as is shown), or may be intentional 
formed wider as described in the earlier embodiment. In 
Figure 8(d), the solder material is deposited. At this point, 
the second resist layer is removed, as shown in Figure 
8(e), so that the remaining exposed portions of the seed 
layer 110 may be etched for final BLM definition. 

[0033] As a result of the altered resistivity and electrode potential 
of the copper layer portion of the seed layer 110 beneath 
the nickel/copper barrier layer 114, there is a created etch 
stop mechanism as described earlier. Thus, after elec- 
troetching of the Cu and CrCu portions of the seed layer 
110, there is no underetching of the seed layer 110 with 
respect to the barrier layer 114, and the resulting BLM 
structure has improved structural integrity, as shown in 
Figure 8(f). 

[0034] As also indicated earlier, the elimination of the undercut 
due to the Ni diffusion profile in the seed layer has an ad- 
ditional advantage in that the C4 solder ball will still align 



to the Ni barrier layer after reflow, even if a misalignment 
occurred during a second lithography patterning step. 
This additional advantage is illustrated in Figures 9(a) 
through 9(c). In Figure 9(a), the second photoresist layer 
118 is shown slightly misaligned such that a portion of 
the barrier layer 114 is covered on a first side 120, and a 
gap between the resist layer 118 and the barrier layer 114 
is left on a second side 122. When the solder material 116 
is deposited, some of the solder material 116 will be in 
direct contact with the exposed portion of the seed layer 
110 on the second side 122. 
[0035] After the second photoresist layer 118 is removed, as 
shown in Figure 9(b), the exposed seed layer 110 is 
etched. Due to the earlier diffusion anneal, there is no un- 
dercutting of the copper in the seed layer 110. Thus, the 
layers of the BLM are generally in alignment at the first 
side 120, while there is an additional section of seed layer 
110 underneath the barrier layer 114 at the second side 
122, due to the misaligned deposited solder material 116. 
However, after a reflow of the solder material 116, the re- 
sulting C4 ball is self aligned to the nickel/copper barrier 
layer 114, as shown in Figure 9(c). Moreover, the BLM is 
structurally complete, in that there are no portions of the 



seed layer 110 that undercut the dimensions of the barrier 
layer 114. 

[0036] Although the diffusion anneal process is described with 
reference to C4 interconnect formation, it will be appreci- 
ated that its application is not limited to such, and can 
also be applied to other back end and front end metalliza- 
tion processes in which tighter ground rules application 
are of concern. For example, any interconnection wherein 
a solder material is placed on top of a barrier layer such 
as nickel/copper will result in self alignment to the barrier 
layer using this technique, thereby eliminating the need 
for a second, accurate photolithography exposure pro- 
cess. 

[0037] As will also be appreciated, the above described technique 
of altering the resistivity of a layer through diffusion may 
also be adapted to create other general combinations of 
thin films, wherein a lithographically defined overlayer is 
annealed to result in a structure that features a self etch 
stop for etching processes, including an electroetching 
process. 

[0038] while the invention has been described with reference to a 
preferred embodiment or embodiments, it will be under- 
stood by those skilled in the art that various changes may 



be made and equivalents may be substituted for elements 
thereof without departing from the scope of the invention. 
In addition, many modifications may be made to adapt a 
particular situation or material to the teachings of the in- 
vention without departing from the essential scope 
thereof. Therefore, it is intended that the invention not be 
limited to the particular embodiment disclosed as the best 
mode contemplated for carrying out this invention, but 
that the invention will include all embodiments falling 
within the scope of the appended claims. 



